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ABSTRACT: The use of indentation testing as a method for investigating the deforma-
tion and fracture properties of intrinsically brittle materials, glasses, and ceramics is ex-
amined. It is argued that the traditional plasticity models of hardness phenomena can be
deficient in some important respects, notably in the underlying assumptions of homoge-
neity and volume conservation. The penetrating indenter is accommodated by an inter-
mittent ‘‘shear faulting” mode, plus (to a greater or lesser extent, depending on the mate-
rial) some structural compaction or expansion. These faults provide the sources for
initiation of the indentation cracks. Once generated, the cracks can grow under the action
of subsequent external tensile stresses, thereby taking the specimen to failure.

In this presentation the mechanical basis for describing these phenomena will be out-
lined, with particular emphasis on the interrelations between hardness and other charac-
teristic material parameters, such as elastic modulus and fracture toughness. Procedures
for quantitative determination of these parameters will be discussed. Extension of the
procedures to the measurement of surface residual stresses in brittle materials will be
made to illustrate the power of the indentation method as an analytical tool for materials
evaluation.

KEY WORDS: Microindentation hardness testing, brittleness, cracks, elastic recovery,
fracture mechanics, indentation, residual stress, shear faults, toughness

Indentation methods are now widely used to study the mechanical proper-
ties of glasses and ceramics. The contact of a sharp diamond point with even
the most brittle surface causes some irreversible deformation and leaves a re-
sidual impression from which a measure of the hardness can be obtained.
There is also evidence (for example, from the recovery of the indentations
during unloading) that the elasticity of the test material plays a far from insig-
nificant role in the contact process. But the overwhelmingly distinctive fea-
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ture of the indentation patterns in this class of materials is the almost invari-
able appearance of so-called radial cracks emanating from the impression
corners. It becomes clear that the potential exists for obtaining quantitative
information on fracture as well as deformation properties from a simple hard-
ness testing facility.

In addition to its simplicity, indentation testing has several attractions as a
tool for characterizing the mechanical response of brittle materials. The ge-
ometry and size of the crack patterns can be accurately controlled and the
location of the contact site predetermined. We thereby have a well-defined
system for analysis in terms of *“fracture mechanics” methodology {1,2]. Mi-
croscopic examination of the indentation area, both during and after the ac-
tual contact process, provides valuable information on the fundamental
mechanisms of deformation and fracture. Indentation damage usefully simu-
lates individual events in a range of cumulative surface removal processes,
such as abrasive wear and machining, and accordingly serves as a base for
setting up detailed models of these processes. Radial cracks can be used as
strength-controlling *“flaws” in the failure testing of ceramics, thus allowing
the determination of fracture toughness parameters with high accuracy.
Experiments of this kind have provided a unique link between the mechanical
response of brittle materials at the microscopic level and the more traditional
approach of macroscopic fracture testing adopted by engineering
researchers.

The primary aim of this paper is to survey areas of research in which inden-
tations have been used to determine the mechanical properties of glasses and
ceramics. Various aspects of this topic have been discussed at length in other
review articles [2-7], so our coverage here is not intended to be in any way
exhaustive. To begin, some basic observations of the nature of sharp-indenter
damage and how these observations fit into a general fracture mechanics for-
malism will be presented. Comment will be made on the underlying structural
processes which accommodate the indentation deformation and the associ-
ated crack configurations. Then two major practical applications will be de-
scribed: the measurement of brittle fracture parameters and the evaluation of
surface stresses. Our emphasis here is on physical principles rather than
mathematical details, although we shall include some of the more important
equations to demonstrate the power of the fracture mechanics approach.

Characteristics of Indentation Damage in Brittle Materials

General Observations

As with metals, the contact of a glass or ceramic surface with a sharp,
fixed-profile indenter leaves a residual impression, indicating some form of
irreversible deformation. Casual observation of the contact site shows nothing
unusual about the appearance of the depressed material; the imprint of the
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indenter is well defined, and the surface regions within the imprint appear
characteristically smooth. At first sight, therefore, one might feel justified in
adopting the same, traditional plasticity models used to describe the defor-
mation response in ductile materials [8,9]. And, in fact, this approach has
met with a certain degree of success in the description of the hardness proper-
ties of brittle surfaces [10]. The picture most commonly conjured up is that of
an “‘expanding cavity,” in which the volume of the impression is accommo-
dated by a net radial flow of material, resulting in an approximately hemi-
spherical plastic zone surrounded by a confining elastic matrix. A distinctive
feature of such radial flow models is a predicted absence of ‘‘pileup” around
the indentation, a prediction borne out (at least in the harder ceramics and
glasses) by experimental observation [/0]. It is implicit in all continuum-
based plasticity models of this kind that the deformation processes are vol-
ume conserving (as characterized by a well-defined yield stress), a conse-
quence of which is that a state of residual stress must exist around the inden-
tation site [11].

Closer inspection of the deformation regions beneath the contact area re-
veals some important departures from the idealized picture just presented.
First, the deformation processes are by no means uniformly distributed
within the plastic zone but are manifested (at least in part) as a cumulation of
discrete shear events. These events are akin to the dislocation slip processes
which occur on preferential glide planes in softer materials, but can differ in
two important respects: (1) they occur at stress levels close to the theoretical
shear strength of the structure in the more covalent materials, and (2) the
shear surfaces are not necessarily crystallographic (similar shear events are
observed in glassy and in crystalline materials) but are determined more by
stress trajectory patterns [/2]. One therefore has to be extremely cautious be-
fore using classical dislocation concepts to describe the flow properties of sol-
ids with intrinsically rigid bonding.

A second departure from ideal behavior is apparent in certain materials
which show a greater tendency toward deformation in hydrostatic stress than
in shear. Fused silica, for instance, undergoes structural densification when
subjected to confining pressures [/3]. (The term anomalous has been used to
describe glasses of this kind.) Many crystalline solids undergo pressure-
induced phase transformations, which may be either expansive (for example,
in zirconia composites) or compactive. Compaction modes can accommodate
the volume of the impression with relatively little stress mismatch at the defor-
mation zone boundary [/4].

A clear illustration of such effects is given in Fig. 1. The micrographs are of
Vickers indentations in soda lime and fused silica glasses [/5]. The section
views are obtained by indenting across a preexisting hairline fissure and then
running this fissure through the specimen. Well-defined shear faults are dis-
tinguishable in the cross-sectional view in the soda lime glass. It is envisaged
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FIG. 1—Scanning electron micrographs of Vickers indentations in (a) soda lime and (b) fused
silica glasses, showing half-surface and section views.
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that these faults are produced as catastrophic slip failures as a result of the
punching action of the penetrating indenter. Once such a failure occurs, the
local stress intensity will be somewhat relieved, so that further penetration is
needed to produce the next fault; this explains the periodic nature of the pat-
tern. In the fused silica, the surface pattern of the slip traces is not dissimilar,
but the faults do not penetrate deeply into the subsurface regions. In this
latter glass, structural compaction absorbs a greater proportion of the inden-
tation energy.

As mentioned previously, an indicator of brittleness in an indentation ex-
periment is the appearance of radial cracks at the corners of the residual im-
pression. Figure 2 illustrates schematically the characteristic fracture pattern
for a Vickers indentation. The radial cracks are oriented normal to the speci-
men surface, on so-called median planes coincident with the impression diag-
onals, and have a half-penny configuration with their centers at the original
contact point. A second set of cracks, called lateral cracks, extends from near
the base of the deformation zone into a subsurface saucerlike configuration.
A general discussion of the geometrical features of these crack patterns is to
be found in Refs 2 and 6.

P
Indenter

Lateral

Radial

FIG. 2—Indentation fracture pattern, depicted here for Vickers geometry.
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Let us now consider the nature of the processes responsible for initiating
and propagating the cracks. From close observation of the indentation sites,
for example, as in Fig. 1, it becomes clear that the shear events referred to
earlier are critically important in acting as embryonic nuclei for crack forma-
tion [12,15-17]. (Cracks can be thus initiated in the most perfect of surfaces,
such as freshly drawn optical fibers, which are free of preexisting defects
down to molecular dimensions [/8].) There is a threshold indent size, typi-
cally =10 pm, below which crack initiation does not occur, although this
threshold is subject to considerable variation, depending on such things as
the duration of contact and the test environment [/7]. Once initiated, the
cracks ““pop in” abruptly, to a characteristic length = 100 um, at which stage
they are considered to be fully propagating. It is observed that most of the
crack development occurs not on loading, but on unloading, the indenter,
indicating that it is the irreversible component of the contact stress field
which provides the dominant driving force for fracture. The sequence of mi-
crographs of crack evolution during Vickers indentation in soda lime glass in
Fig. 3 illustrates the point [19]. Note also the appearance of the stress bire-
fringence in the final frame of this sequence; glass is not optically active, so
the persistence of the ‘“‘Maltese cross’ in this frame confirms the existence of
a substantial residual stress intensity.

An even more dramatic indication of residual stress effects in the fracture
evolution is manifest in postindentation observations. At loads above thresh-
old, the popped-in cracks are often seen to continue propagating well after
completion of the contact. Below threshold, delayed pop-in can occur. These
phenomena are attributable to the time-dependent enhancement of crack de-
velopment in the presence of moisture, as alluded to in the previous para-
graph.

Mechanics

Evaluation of the indentation cracking properties of brittle materials re-
quires a knowledge of the underlying fracture mechanics. The starting point
for the requisite formulation is the characterization of the elastic-plastic
stress field, with particular focus on the residual component of this field. Un-
fortunately, this formulation can be a formidable task, even for the idealiza-
tion of a perfectly homogeneous, continuous solid. The difficulty is especially
pronounced in the modeling of crack initiation, for there one is concerned
with the complex details of the contact near field [2]. Things are not so bad
once the crack is in its fully propagating stage, in which the far field may be
regarded in terms of simple “point” force solutions. Within these limitations,
working equations defining the scale of the indentation damage as a function
of contact load can be developed from first principles.

Let us begin with a consideration of the manner with which the indenter
load, P, varies with the penetration, z, during a contact cycle. Experimen-
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FIG. 3—In situ observations of Vickers indentation in soda lime glass, viewed from below
during the loading cycle. The sequence shows the (a) half-loaded, (b) fully loaded, (c) half-
unloaded, and (d) fully unloaded stages. Note the development of radial cracks to completion
during the unloading half-cycle. Polarized light reveals strong stress birefringence.

tally, the function P(z) is found to have the form shown in Fig. 4. During the
loading half-cycle, the contact pressure (x P/a?, where a is a characteristic
impression dimension) remains constant (at least in the region where geomet-
rical similarity prevails). This pressure, by definition, determines the hard-
ness. The deformation has both elastic and inelastic components at this stage.
On unloading, the deformation is entirely elastic (reloading simply repro-
duces the unloading curve). Hence, the contact pressure in the unload region
is determined by Young’s modulus, E. We may write the functional relations
for the two half-cycles in the form [20]

P o« HZ? (load) (1a)
P x E(z2 — %) (unload) 1b)
where due allowance is made in Eq 15 for the existence of a residual impres-

sion depth, z,. The requirement for compatibility of these two equations at
the maximum penetration, z,,, yields the relation
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where 1 is a numerical constant (=6 for Vickers indenters [20]). For ce-
ramics, characterized by relatively high values of H/E, the value of z,/z, is
typically =0.5, indicating substantial elastic recovery. It emerges from this
kind of formulation that the ratio H/E has an important place in the specifi-
cation of the elastic-plastic field. The same conclusion is drawn from other
treatments of the elastic recovery problem [21,22].

Now consider how the elastic-plastic parameters enter the fracture prob-
lem. We shall concentrate on the simplest case, that of well-developed radial
cracks, as depicted earlier in Fig. 2. Mention has already been made, in the
previous section, of the tendency for the radial cracks to develop into their
immediate postindentation configuration during the unloading half-cycle, in
which case it is the residual component of the field which provides the princi-
pal crack driving force. This component may be evaluated in terms of a con-
centrated force, P,, centered at the contact origin. It can be shown that P, =
%P, that is, the residual crack-opening force scales directly with the contact
load, where 7, is a dimensionless parameter which determines the intensity of

H-controlled

Indentation Load, P

E-controlled

Z
|
|

Indentation Penetration, z

FIG. 4—Load-displacement response for sharp indenters.
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the field [79]. For an ideal elastic-plastic material in which the irreversible
deformation is volume conserving, analysis gives [23]

1/2
Xr & <§> (cot ¢)¥3 3)

where ¢ is the indenter half-angle.

The next step is to incorporate the center-load force into an appropriate
fracture mechanics formulation. This is most conveniently done using the
stress intensity factor notation, K, which expresses the intensity of the field
concentrated at the tip of the extending crack [1]. For pennylike cracks, the
stress intensity factor takes on the form [19]

_xP
K, = Pz 4)

where c is the characteristic crack size (Fig. 2) and , o %,. In the absence of
time-dependent crack growth effects, that is, for tests in inert environments,
the condition for equilibrium extension is expressible as K = K., where K,
defines the material toughness. This toughness parameter quantifies the in-
trinsic resistance to fracture, just as hardness quantifies the resistance to de-
formation. Insertion of this requirement into Eq 4 then gives the equilibrium

crack length
P\2/3
c = <’1‘< > 5)
at completion of indentation.

An analogous expression to that in Eq S can be obtained for lateral cracks,
although the analysis is somewhat more complicated because of the relatively
high compliance of the thin layer of material which overlays the crack plane
[24].

A configuration of special interest is that of an indented specimen subse-
quently subjected to an externally applied tensile stress, for example, as in a
bend test. The radial cracks can then be emplaced so as to be normal to the
tensile direction, and thereby act as strength-controlling flaws. A unique fea-
ture of such a “‘controlled-flaw’’ test is the facility to predetermine the failure
site, so that the crack response can be observed directly throughout its evolu-
tion to failure [25]. Such observations reveal a new kind of flaw behavior.
Whereas the earlier, classic study by Griffith (see Ref I) suggested that the
size of flaws should remain stationary up to the critical load for failure, at
which point the equilibrium is unstable, it has been observed in the indenta-
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tion experiments that a significant amount of precursor extension precedes
the instability configuration. This stabilization of the crack system is attribut-
able to the residual driving force, K,, in Eq 4, which augments the applied
loading. It should be noted that whereas the external loading term, K,, is
always an increasing function of crack size [1], K, is a decreasing function.
Formally, superposition of K, and K, gives, at equilibrium [25]

p
K = yo.c? + Xs—/z =K, (6)
c

where o, is the applied tensile stress, and v is a crack geometry constant (of
the order unity). The condition for unstable equilibrium is that K should have
a minimum value in Eq 6. Putting dK/dc = 0, accordingly determines the
critical configuration

3K,
o el 7
4yP >2/3
m = 7
n = (X 7b)

at failure. Note that c,, in Eq 75 is 4% = 2.52 times ¢, in Eq 5, indicating that
the stage of precursor crack growth is by no means insignificant.

The fracture mechanics formulations to this point are contingent on the
threshold load being exceeded. If this threshold is not exceeded, we are faced
with the considerably more complex problem of crack initiation, in which the
corresponding relations for crack instability involve detailed analysis of the
near-field conditions. Phenomenological treatments of the instability condi-
tion for spontaneous radial crack pop-in from an incipient nucleus, based on
the hypothesis that the intensity of the indentation stress field should remain
invariant (since it scales directly with the hardness) while the spatial extent
should scale directly with the indent size, a, predict a critical threshold condi-

tion [26,27]
2
a. = H<II§C> (8)

where n o< E/H. Hence, the initiation mechanics reflect an inherent size ef-
fect. This size effect relates to the fact that, while the resistance to deforma-
tion, H, has the units of stress, the fracture resistance, K., has the units of
stress multiplied by dimension to the one half power (as is evident from Eq 6).
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Measurement of Material Properties

Elastic Recovery

Measurements of the elastic recovery at hardness indentations are of inter-
est for the light they shed on the partition of input deformation energy into
reversible and irreversible components and for their characterization of the
elastic-plastic field in the ensuing fracture mechanics formalism. (They can
also be used to evaluate Young’s modulus at a microscopic level.) The param-
eter of interest here is the ratio of hardness to modulus, H/E. One way of
measuring this parameter is to monitor the load-penetration function, P(z),
and to make use of Eqs 1 and 2 [20] or some equivalent analytical expressions
[22]. (The theme of load-penetration characteristics to determine indentation
response is, incidentally, a recurring one in this volume.) Unfortunately, the
apparatus needed to measure indentation displacements is not yet a standard
accessory on most hardness testing facilities, so quantitative studies of elastic
recovery have not occupied a prominent place in the deformation evaluation
literature.

However, one way in which a measure of the recovery can be obtained with-
out recourse to special equipment is to observe the relative contraction of the
surface diagonals of Knoop impressions [21]. Whereas the long diagonal
turns out to be relatively insensitive to “‘springback’ effects, the short diago-
nal does not. (The analogy with the age-old problem of trying to break an egg
by pressing along the longitudinal axis is instructive here.) Analysis gives

=2 - O

where b/a = 1/7.11 is the nominal ratio of short to long half-diagonal, b’ /a’
is the corresponding value after recovery, and a is a dimensionless constant
(=0.45 [21]). Hence, materials with relatively rigid structures, that is, high
H/E, are likely to show greater lateral recovery. This is evident in Fig. S,
which contrasts Knoop indentations of similar length in two extreme materi-
als, zinc sulfide (ZnS) (H/E = 0.02) and soda lime glass (H/E = 0.09) [2]].
Figure 6 shows the validity of Eq 9 for a wider range of materials [2]].

Fracture Toughness

Perhaps the most widespread use of indentation testing in the context of
brittle materials is the evaluation of material toughness. In this application,
one seeks to relate the fracture resistance to the scale of the crack pattern. It is
perhaps ironical that the earlier hardness testing fraternity tried to avoid
cracking like the plague, whereas now the indentation method has become
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FIG. S—Knoop indentations in (a) polycrystalline zinc sulfide and (b) soda lime glass. Note
the relatively strong elastic recovery of the short diagonal in the latter material.
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FIG. 6—Plot of the short-to-long-diagonal ratio, b’/a’, from Knoop indentation measure-
ments against H/E for selected materials: (a) soda lime glass, (b) glass ceramic, (c) silicon ni-

tride, (d) alumina, (e) zirconia, (f) magnesium fluoride, (g) steel, (h) zinc sulfide, and (i) zinc
oxide.
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the most commonly used of all toughness measurement techniques in glass
and ceramics. Here we describe three variants of the indentation procedure.

1. The first and most straightforward approach involves relating tough-
ness, K., directly to postindentation crack size, cy. Palmqvist [28] was the
first to recognize the potential for such a relationship, but his treatment was
purely empirical. We now have, through Eqs 3 and S, the means for deriving
an appropriate expression from first principles

E 172 P
K, = E"(ﬁ) —6_(3)7 (10)

where & is a dimensionless constant [29]. Thus, we have, in principle, a simple
means of determining K., with the capacity for making many measurements
on a single surface.

2. The second method makes use of the special crack response implicit in
the derivation of the instability relations in Eq 7. The test procedure involves
emplacing a controlled indentation flaw in the prospective tensile face of a
bend bar and then measuring the strength of the bar in an inert environment.
Eliminating c,, from Eqs 7a and 75, and combining with Eq 3, we obtain

K. = n<£>1/8 (0 Pl/3)3/4 (11)
c H m

where 1 is another dimensionless constant [30]. Note that strength replaces
crack size as a test variable in this formulation, a distinct advantage in mate-
rials in which direct crack observations are difficult (as is true with many ce-
ramics). However, only one test result is obtained per specimen.

3. The third method is a hybrid of the first two in that it involves measure-
ment of both crack size and strength. The appropriate toughness relation de-
rives directly from Eq 7a [31]

K, = (%"’) 5, cl? (12)

Although the measurement requirements are clearly more stringent, the
method has the advantage of circumventing knowledge of the E/H parame-
ter. It will be recalled that this parameter is determined from Eq 3, the basis
of which is volume conservation in the deformation process. The specific ad-
vantage of Eq 12 is that it contains no implicit assumption at all concerning
the mode of deformation. Experimentally, c,, can be conveniently determined
by introducing several nominally identical indentations within the tensile test
span of the bend specimen; failure occurs from just one of the indentations,
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leaving *‘survivors” for measurement of the near-critical crack lengths
[31,32].

The results of measurements on selected glasses and ceramics are shown in
Fig. 7 for each of these three variant methods [29-31]. Each plot is reasonably
well represented by a linear fit, although the lines do not pass through the
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FIG. 7—Plots of indentation test results illustrating the three toughness formulas, Egs 10, 11,
12, for selected glasses and ceramics: (a) soda lime glass, (b) fused silica, (c) lead zirconium
titanate, (d) barium titanate, (e) Synroc, (f) glass ceramic, (g) alumina I, (h) silicon carbide, and
(i) alumina II. The vertical axis repr ts the ed indentation test variables; the horizon-
tal axis represents the independently determined toughness values. The curves are linear fits to

data.
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origins as required by Eqs 10 through 12. There is the implication here that
some material dependence exists in the ‘‘proportionality constants’ &, 1, and
y. The plots, nevertheless, remain useful representations for toughness cali-
bration. It may be noted that the data points for some of the materials, espe-
cially fused silica (a material which, it will be recalled, deforms by densifica-
tion), show significant departures from the line fits to the overall data in all
but the third plot, reinforcing our previous allusion to Eq 12 as the most uni-
versal of the three toughness formulas.

Brittleness

The question often arises as to how one may quantify the “brittleness’ of
materials. Intuitively, brittleness should be a measure of the competition be-
tween deformation and fracture processes, as manifested, for instance, in the
ductile-brittle transitions observed in structural metals. This competition has
proved extremely difficult to formulate as a function of easily determinable
material parameters. Here we shall propose that the ratio of hardness to
toughness, H/K_, be used as an appropriate index of brittleness (analogous
to the adoption of H/FE as an index of rigidity) [33]. Then the way is open,
through Eq 8, to evaluate the relative susceptibilities to flow and fracture in
terms of indentation threshold conditions.

To illustrate, let us consider the plot of the experimentally measured
threshold indent size, a., as a function of (E/H)(K./H)? in Fig. 8 [34,35].

103_

102_

101._

100~

Critical Indent Size, a_ (um)

1071

1 1 1 1 |
102 10-1 10° 10! 102

(E/HYK/HY? (um)

FIG. 8—Plot of the measured threshold indentation size against (E/H)(K./HY for selected
ceramic materials. The line is best fit to Eq 8.
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Points to the lower left of this plot represent materials for which cracking is
most easily produced at local stress concentrations, that is, which are rela-
tively brittle. Conversely, the upper right of the plot represents the domain of
more ductile materials, notably metals. In this interpretation, brittleness is
quantified as a size effect. Physically, a, represents the scale of damage above
which the mechanical response is essentially fracture dominated and below
which it is essentially deformation dominated.

The utility of this interpretation is most evident in the description of surface
removal processes. If a surface is contacted with coarse particles, material
removal occurs by a chipping mode (grinding), and if with fine particles, by a
flow mode (polishing). The critical particle size defining the transition be-
tween these two modes is then dependent on the index H/K..

Surface Stress Evaluation

The surfaces of materials can undergo treatments which differ from those
experienced by the underlying bulk and can thereby be left in a state of resid-
ual stress. Such stresses, although often confined to very shallow layers, can
be of high intensities and can therefore exert a strong influence on mechanical
properties. Indentation crack patterns can be used in brittle materials to eval-
uate these stresses. Basically, the surface traces of the radial crack system
expand or contract, depending on whether the stresses are tensile or compres-
sive. Figure 9, which shows Vickers indentations at the same load in annealed
(stress-free) and thermally tempered (residual-compression) soda lime glass,
illustrates the effect [19]. The fracture mechanics formulation then allows us,
through appropriate modifications of the previous stress intensity relations,
to establish a quantitative base for analysis.

Calculation of the surface stress is relatively straightforward when the
stress is uniformly distributed over the prospective indentation crack area.
We can then define a stress intensity factor conjugate to the surface stress, o,
K, = yo,c!’?, in the manner that K, was defined earlier for substitution into
Eq 6. Thus, in combination with Eq 4, one can solve to obtain a simple work-
ing expression for evaluating o, in terms of direct crack-size measurements, c.
Alternatively, in a controlled-flaw test we may retain Eq 6 as our starting ex-
pression for calculating strengths, provided we replace o, by 6, + ©,. Accord-
ingly, using the same logical development as in the derivation of Eq 7, we can
readily show that, for a fixed indentation load, the critical applied stress at
failure instability is given simply by

Gy = c?,, — o (13)

where o, now refers to surfaces in the stress-free state. Two sets of strength
tests, one on the actual surface-stressed materials and the other on stress-free
controls, should then suffice to determine o,. Figure 10 shows the strength
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FIG. 10—Plot of the measured strength as a function of the independently determined com-
pression stress for surface-treated glass rods containing controlled indentation flaws {indentation
load = 100 N).

data for glass rods subjected to various degrees of surface compression by a
“partial leaching” treatment [36].

A more complicated, although still tractable, case is that of very thin stress
layers, of depth d << prospective crack size, ¢. The surface stress intensity
factor in this limit is K, = 2yo,d'/? [37]. In the immediate postindentation
state, K; augments the residual contact stress intensity factor, K,, in Eq 4, so
that, at the equilibrium condition K = K., we may solve to obtain [37]

c _ 1
0 (1 — 2yo,d"?/K )3

(14)

where ¢ refers to the radial crack size in the stress-free state. Hence, the sur-
face stresses can be evaluated directly from radial crack length measure-
ments. Tensile stresses in proton-irradiated glass have been measured using
this formulation. It will be noted that for sufficiently large positive o;, ¢ is
predicted to expand without limit, corresponding to the spontaneous fracture
of the surface stress layer. Such surface breakup is, indeed, observed in the
irradiated glass specimens [37].
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Conclusions

We have had a brief look at the ways in which indentation testing may be
applied to evaluate the deformation and fracture characteristics of glasses
and ceramics. Insofar as deformation is concerned, we have indicated that
materials with large components of covalent bonding may not satisfy the clas-
sic plasticity models. Further work needs to be done on such materials, whose
hardness numbers approach theoretical strength limits. The fracture proper-
ties are better understood, at least in the fully propagating region, where con-
ventional fracture mechanics principles may be applied.

Selective applications of the indentation mechanics formalism have been
considered. We have seen how indentation measurements may be used to
quantify such properties as elastic recovery, toughness, and brittleness. We
have also shown how one may evaluate surface stress levels. Many other appli-
cations are described in the references.
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DISCUSSION

P. Sargent' (written discussion)—The analysis presented in this paper is
based on the principle that as far as the growing cracks are concerned, there
is no plasticity at the crack tip. However, the hardness value (which depends
on the plasticity of the material) does enter the formulas because it is related
to the magnitude of the stresses around the indentation. The effects of inden-
tation size on hardness values are quite marked, especially for hard and brit-

!'Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, England.
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tle materials. Have you thought of including some kind of indentation size
effect correction in your data analysis or theory?

D. B. Marshall and B. R. Lawn (authors’ closure)—The indentation hard-
ness becomes size dependent only at small indentation diameters, typically
=10 pm for brittle materials. This size range generally falls within the sub-
threshold region, in which well-developed cracks do not form. Thus, the
hardness/indentation-size effect may affect the critical threshold condition
(for example, Eq 8). However, at larger indentation sizes, corresponding to
well-developed fracture, the hardness is essentially independent of size.





